[1] The combination of a large aerosol chamber and a recently developed Aerosol Composition Mass Spectrometer (ACMS) was used to investigate sulfuric acid aerosols at low temperatures. Concentrations of condensed phase H 2 SO 4 and H 2 O were determined with an accuracy of better than 4 wt.%. Simultaneous measurements of temperature, partial pressure of water, total sulfate amount and particle size distribution permit to calculate the particle equilibrium composition. The model description of Carslaw et al.
Introduction
[2] Sub-micron particles composed of sulfuric acid and water form the stratospheric layer of background aerosol [Junge et al., 1961] . Their amount can be enhanced by volcanic eruptions increasing heterogeneous reactions on the surface and in the volume of the liquid particles [Hofmann and Solomon, 1989] . It has been shown that the rate coefficients of these reactions strongly depend on particle composition and phase [Ravishankara and Hanson, 1996] . Background aerosol also serves as condensation nuclei for the formation of Polar Stratospheric Clouds (PSCs) during winter months through uptake of water and nitric acid. The solubility of nitric acid in H 2 SO 4 /H 2 O solutions depends on temperature and especially on the water amount of the solution . Models have been developed to calculate H 2 SO 4 /H 2 O particle composition as a function of temperature, partial pressure of water and total sulfate amount [Tabazadeh et al., 1997; Carslaw et al., 1995a] , using the same parameterization developed by Clegg and Brimblecombe [1995] . Massucci et al. [1996] compared different parameterizations with their measurements of the water partial pressure above bulk solutions of known composition and also with previous data such as those of Zhang et al. [1993] . They recommend the work of Clegg and Brimblecombe [1995] to be used for sulfate aerosol under stratospheric conditions. The measurements for typical stratospheric solutions, however, have been limited to temperatures above 200 K. Especially after volcanic eruptions or in denitrified air masses, almost pure H 2 SO 4 /H 2 O droplets can also exist at lower temperatures [Koop et al., 1998 ]. This paper presents composition measurements of sub-micron particles under well-known thermodynamic conditions inside a large cryo-aerosol chamber. The liquid particles have been cooled to 188 K and the measured compositions were compared to model calculations based on simultaneous analysis of temperature, partial pressure of water and total sulfate amount. In addition, the observation of these stratosphere-like particles over days can be used to evaluate the probability of phase changes under stratospheric conditions. In the past, particle freezing has been investigated either for larger droplets [Martin et al., 1997; Carleton et al., 1997] or for particles in stratospheric size ranges over shorter time scales of at most a few hours [Anthony et al., 1995; Clapp et al., 1997] . Freezing of sulfate aerosols above the ice frost point has not been observed in these previous studies.
Experimental
[3] The aerosol chamber AIDA (Aerosol Interactions and Dynamics in the Atmosphere) has a volume of 84 m 3 and a high volume to surface ratio. This resulted in a 1/e residence time of about 10 h for sulfate particles in the sub-mm size range at stratospheric temperatures and 140 hPa total pressure, limited mainly by sedimentation. Sulfate aerosol was introduced into the chamber before starting an experiment by atomizing diluted sulfuric acid in such a way that the size distribution has a mass median diameter of %0.4 mm, typical of stratospheric aerosols. Sulfate mass loadings were determined by ion chromatographic analysis of filter samples. The evolution of particles is observed for days, while temperature and water partial pressure are varied. The temperature is measured at 20 different positions inside the 7 m high chamber, and the combined error due to the accuracy of the sensors and the inhomogeneity of temperature inside the chamber is <0.5 K. A frost point sensor attached via a heated stainless steel tube to the chamber allows for the measurement of total water concentration. This is equivalent to the water partial pressure because particle water can be neglected in comparison to the gas phase water. Particle water has been estimated by multiplying total sulfate amounts from filter samples with measured mole ratios of condensed H 2 O to H 2 SO 4 . Particle water was always less than 3% of total water. The error of the frost point measurement is <1 K. A more detailed description of the AIDA chamber is in preparation [Möhler et al., 2001] .
[4] The Aerosol Composition Mass Spectrometer (ACMS) provides a quantitative chemical analysis of condensed species. Figure 1 shows the system used during the aerosol chamber experiments. Similar spectrometer systems have flown on balloons GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 11, 1551 , 10.1029 /2001GL013296, 2002 to measure the composition of PSCs over northern Scandinavia [Schreiner et al., 1999a; Voigt et al., 2000] . Particles suspended in air enter the system through an aerodynamic lens which focuses particles to a well-defined aerosol beam [Schreiner et al., 1999b] . The lens is in thermal equilibrium with the aerosol chamber, and gas and particles are sampled from well inside the mixed chamber volume. Behind the lens nearly all gas molecules are removed by the first cryo-pump while the aerosol beam reaches the second vacuum chamber through a small skimmer. Differential pumping results in a suppression of atmospheric gases over condensed species by five orders of magnitude. The particles are evaporated at 373 K in a heated gold sphere inside the second chamber and the evolved gas is analyzed by a quadrupole mass spectrometer. A second cryo-pump ensures low signal contributions from the remaining background gases. To transform measured signals from specific masses into particle composition, the system was calibrated for H 2 O and H 2 SO 4 by adding particles of known composition that were conditioned in a flow reactor [Knopf et al., 2001] . The total error of the composition measurement is smaller than 4 wt.% dominated by the uncertainty of the calibration. Particle analysis by mass spectrometry offers the additional advantage that impurities in the particles, which caused problems in previous laboratory studies, can be readily detected [Middlebrook et al., 1997; Krieger et al., 2000] .
Results and Discussion
[5] Figure 2 illustrates the course of a typical experiment in terms of measured minimal wall temperature T wall of the aerosol chamber, mean gas temperature T gas , and ice frost point temperature T ice . Particles injected at time zero (not shown) were cooled in three steps from 232 K to 188 K and afterwards warmed up again. Frost point measurements were converted to p(H 2 O) using tabulated water vapor pressures over ice [Marti and Mauersberger, 1993] . The experiment was started under dry conditions at T gas = 232 K while T ice was at 208 K. Initially and at the end, T ice was almost constant. The water partial pressure was given by the residual water vapor in the chamber, which was slightly changing during a two day experiment. When during the cooling process T wall drops below the initial frost point temperature, ice forms on the chamber walls. Below this temperature the water vapor partial pressure inside the chamber is controlled by the temperature of the walls (T ice % T wall . During periods when T gas and T ice are equal, the gas phase in the chamber is saturated with respect to ice. The mixing ratio of sulfuric acid at a pressure of 140 hPa during the experiment decreased from about 100 ppbv after particle injection to about 1 ppbv at the end of the experiment after two days. Compared to stratospheric values, the aerosol concentration in the Example of a chamber cool-down/warm-up experiment: shown are gas temperature T gas (solid line), minimal wall temperature T wall (dashed line), and ice frost point temperature T ice (dotted line). T gas and T wall do occasionally differ during active cooling periods. Figure 3 . Results of two cool-down/warm-up experiments: measured particle composition with experimental error plotted against gas temperature for two experiments (blue down triangles: cooling, red up triangles: warming). Calculated values [Carslaw et al., 1995b] are plotted for comparison as lines (light blue: cooling, orange: warming). For the coexistence lines of the phase diagram [Carslaw et al., 1995a] chamber is enlarged to facilitate the measurements. This has, however, no influence on equilibrium composition, as will be discussed below.
[6] Another experiment was performed with similar temperature variations and a slightly higher humidity at the beginning and the end of the run. The results of both cooling and warming experiments are depicted in Figure 3 . The observed particle compositions are plotted versus the gas temperature. Particles take up water during cooling and release it reversibly during warming. The corresponding modeled particle compositions are shown as solid lines. They have been calculated using the analytic version of the model of Carslaw et al. [1995b] that requires temperature, water partial pressure, and total sulfate amount as input parameters. This version of the model neglects a depletion of the water gas phase by uptake into the particles, which is justified for these experiments because the water contained in the aerosol is negligible (<3%) compared to the water in the gas phase. For these calculations of H 2 SO 4 /H 2 O solutions, the total sulfate amount has therefore no influence on the equilibrium composition. The Kelvin effect was not considered because the volume contribution of particles with diameters below 0.2 mm is always smaller than 5% which was calculated from the size distributions. Data gaps in Figure 3 are due to refocusing of the aerosol beam by adjusting the aerodynamic lens. There is very good agreement between measured and modeled particle compositions during cooling and warming. This indicates that the particles remained liquid during the entire experiment despite super-cooling with respect to solid hydrates. The coexistence lines of the H 2 SO 4 /H 2 O phase diagram [Carslaw et al., 1995a] are plotted for comparison with the metastable regions dotted. There is super-cooling of up to 25 K compared to SAT without any indication that the hydrate formed despite the long observation time. Thus, earlier studies [Martin et al., 1997; Carleton et al., 1997; Anthony et al., 1995; Clapp et al., 1997] , where freezing was not detected above the ice frost point, are confirmed by these temperature cycles. During the period when ice covered the walls below 210 K, the observed particle compositions follow the metastable coexistence line of the liquid solutions with ice. Deviations can be explained by variations of saturation due to small differences in gas temperature T gas and ice frost point temperature T ice .
[7] A comparison between measured particle compositions and calculated equilibrium values is summarized in Figure 4 , where the differences are plotted both versus the measured composition (upper panel) and the measured gas temperature (lower panel). The data cover the stratospheric composition and temperature range well: for low temperatures the experimental conditions were close to stratospheric values for both temperature and composition. The deviations of up to 4 wt.% are within the maximum error of the composition measurements. Other experimental uncertainties are due to the temperature uncertainty of <0.5 K and the accuracy of the ice frost point measurement of <1 K. For temperatures above 210 K without ice saturation their influence on the calculated particle content of H 2 SO 4 is smaller than 2 wt.%. When the water gas phase reaches ice saturation at lower temperatures, the uncertainty due to the model input parameters may become as high as 4 wt.%.
Conclusions
[8] The model of Carslaw et al. [1995a] based on the parameterization of Clegg and Brimblecombe [1995] to calculate the composition of stratospheric H 2 SO 4 /H 2 O aerosol was tested with stratosphere-like particles in a large cryo aerosol chamber. Compared to previous experiments the temperature range of experimental verification was extended to 188 K. The thermodynamic system was completely described through measurements of temperature, water partial pressure, total sulfate amount and particle size distribution thus, permitting the calculation of the expected equilibrium composition of the particles. The ACMS experiment contributed particle composition by mass spectrometry with an accuracy of better than 4 wt.%. Measured and calculated values agreed well within experimental uncertainty. The observation of liquid particles for days despite strong super-cooling with respect to solid hydrates like SAT confirmed that there is no SAT formation above the ice frost point.
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